Climate fluctuations during the last deglaciation have been linked to changes in North Atlantic Meridional Overturning Circulation (MOC) through its modulation of northward marine heat transport. Consequently, much research into the causes of rapid climate change has focused on the northern North Atlantic as a key component of global ocean circulation. The production of cold, deep waters in the Southern Ocean is an important factor in the Earth's heat budget, but the involvement of deep Southern Sourced Water (SSW) in deglacial climate change has yet to be fully established. Here we use terrigenous silt grain size data from two ocean sediment cores retrieved from the western subtropical North Atlantic to reconstruct past changes in the speed of deepwater flow. The first core site is located under the influence of Lower North Atlantic Deep Water (LNADW), and is representative of changes in the MOC. The second core site is close to the modern boundary between LNADW/SSW and is therefore ideally positioned to detect changes in SSW delivery to the North Atlantic. We find evidence for a broad-scale difference in flow speed 2 changes at the two sites, with the presence of a vigorous, but poorly ventilated SSW mass at ~4200 m water depth during the cold episodes of the last deglaciation when shallower (2975 m water depth) grain size and geochemical data suggest that Northern Sourced Water (NSW) was suppressed. 
Introduction
Records from Greenland ice cores have revealed that the last deglaciation was punctuated by several millennial-scale climate events (Alley et al., 1993; Blunier and Brook, 2001; Chappellaz et al., 1993) . As the deep ocean is one of the largest reservoirs of heat and carbon in the climate system changes in the Meridional
Overturning Circulation (MOC) are likely to have played a central role in controlling and responding to such rapid climatic variations (Broecker et al., 1985; and references therein). The MOC is characterized by the sinking of oxygenated and nutrient-depleted North Atlantic Deep Water (NADW), formed when northwardly advected surface waters release their heat in the Norwegian-Greenland (Mauritzen, 1996) , and Labrador (Dickson and Brown, 1994) Seas. These waters are entrained by the southwards flowing Deep Western Boundary Current (DWBC) with an outflow of about 20 Sverdrups (1Sv = 10 6 m 3 s -1 ) (Schmitz and McCartney, 1993) , which is progressively undercut by nutrient enriched Southern Sourced Water (SSW) inflowing via the southwest Atlantic. In the modern western North Atlantic NADW is mainly confined above the 4,000 m isobaths (Stahr and Sanford, 1999) , while a greater proportion of re-circulated SSW resides at depth (Hogg, 1983) (Figure 1 ). The behavior of NADW during the last glacial cycle has been investigated at many sites (e.g. Boyle and Keigwin, 1985; Marchitto et al., 1998b; Raymo et al., 2004) , but the history of SSW in the North Atlantic remains relatively unstudied. Tracers from marine sediments have revealed that during the last glacial maximum (LGM) the boundary between Northern Sourced Water (NSW) and SSW shoaled to ~2,000 m in the western North Atlantic (Curry and Oppo, 2005; Keigwin, 2004; Oppo and Lehman, 1993) and the transition from the LGM to the modern state was marked by a series of changes in the deep-ocean circulation (Boyle and Keigwin, 1987; Marchitto 4 et al., 1998a; McManus et al., 2004) . The paleohydrography of SSW has yet to be fully established with recent suggestions of a more saline SSW mass during the LGM compared with its modern equivalent (Adkins et al., 2002; Adkins and Schrag, 2003) .
The dynamics of this SSW also remain poorly understood with some evidence hinting at vigorous flow during cool periods (e.g. Masse et al., 1994) .
The most prominent deglacial cooling event in the high latitude North Atlantic was the Younger Dryas (YD) cold event (or Greenland Stadial 1, ~12.8-11.7 kyr BP, Lowe et al., 2008) . Previous studies of the YD have suggested a freshwater induced slowdown of NADW production (Broecker, 1998; Broecker, 2006) , resulting in a decrease in the northward heat transport and widespread cooling in the subpolar North
Atlantic. Previous work have also shown increasing sea surface temperature (SST) trends during the YD in the Tobago Basin (Hüls and Zahn, 2000; Rühlemann et al., 1999) , the Caribbean Sea (Schmidt et al., 2004) , off the coast of Brazil (Weldeab et al., 2006) , in the Gulf of Mexico (Flower et al., 2004) and the Blake Outer Ridge (Carlson et al., 2008) . A similar asynchronous pattern between cooling SST at northern latitudes and the warming (sub)tropics is also observed at a range of locations during Heinrich Event 1 (H1; e.g. Carlson et al., 2008; Flower et al., 2004; Hüls and Zahn, 2000; Rühlemann et al., 1999; Schmidt et al., 2004; Weldeab et al., 2006) . There is, however, considerable disagreement on the exact timing, magnitude and spatial pattern of SST variability which could have important implications on our understanding of climate change induced by variability in the MOC (e.g. Carlson et al., 2008 (Broecker, 1991) . .
Material and Methods
Sediment core KNR140/2-39GGC (31º66.8′N, 75º41.5′W; 2,975 m water depth, hereafter 39GGC) lies in modern lower (L)NADW, while KNR140/2-28GGC (30º09.8′N, 73º83.6′W; 4,211 m water depth, hereafter 28GGC) lies on the boundary between modern LNADW/SSW (Stahr and Sanford, 1999) and is ideally located to record changes in SSW delivery to the North Atlantic (Figure 1 ). These sediment cores provide high resolution paleoceanographic records spanning the last deglaciation (e.g. Keigwin, 2004; Keigwin and Schlegel, 2002) (Figure 2 ). Samples were collected every 2 cm throughout the 20-5 kyr BP interval with the exception of the YD which was sampled at 1 cm intervals.
To examine variability in the deep ocean flow intensity we employ the grain size distribution within the 10-63 mm terrigenous (biogenic carbonate and opal removed) sub-fraction, the "sortable silt" mean grain size ( SS , (McCave and Hall, 2006) , where fluctuations reflect relative changes in the intensity of the near-bottom current through selective deposition, with coarser mean values representing more vigorous near-bottom current speeds and vice versa. Measurements were undertaken 6 using a Coulter Counter Multisizer III as outlined in Bianchi et al. (1999) . The SS% varies in the range of 5-10% enabling the determination of the SS with an analytical error of 2-3% (Bianchi et al., 1999) . There is no evidence of sediment supply by down slope mass movement present in the cores and no ice rafted debris (IRD) was found in the >150 mm fraction. In order to highlight the magnitude of the variability in the SS data (Figure 3 ) against the background signal and enable a comparison of the two records against a common baseline, the grain size values were normalised about a common mean set equal to zero. To achieve this it was assumed that each site exhibits full glacial to interglacial variability. to reconstruct sea surface temperatures (SST) and isolate the seawater component of
Osw-ivc) with an ice volume correction (Lea et al., 2002 (Bemis et al., 1998; Thunell et al., 2002 ). An ice volume correction was applied to the dataset (Lea et al., 2002) and 0.27 ‰ was added to convert to the VSMOW scale. Our planktonic d 18 O data are generally similar to the previously published record for G. ruber (white) in core 39GGC (Keigwin and Schlegel, 2002) .
Core chronologies are constrained where possible by calibrated accelerator mass spectrometry (AMS) 14 C dates. All radiocarbon ages have been (re)calibrated to calendar years before present (yr BP) using the CALIB programme (v. 5.0.1 with the MARINE 04 dataset; (Stuiver et al., 2005) , incorporating a 400 yr marine reservoir age correction. Ages were estimated by linear interpolation between age control points.
The chronology employed for 39GGC is based on 11 previously published 14 C-AMS dates (Keigwin and Schlegel, 2002) ; Table 1 ). The two samples from the top 100 cm are composed of mixed planktonic foraminifera while the nine deeper samples are mono-specific G. ruber. The age model (Fig. 2) suggests that the 14 C-AMS date at 263 cm is anomalously old in comparison to the 14 C-AMS dates either side of it, this may be the result ofmixing with foraminifera from a greater depth in the sediment, and is therefore excluded from the age model calculations. Further 14 C-AMS dates at 391 cm and 359 cm have 1 sigma error bars that overlap suggesting that they are statistically indistinguishable from each other. Based on consideration of the resulting sedimentation rate curve we have removed the age control at 391 cm. The chronology of 28GGC was generated using six new 14 C-AMS dates (Table 1 ) and is shown in Figure 2 . Both cores have similarly high sedimentation rates, reflecting the focussing of sediments by the interaction of the DWBC with seabed topography 8 (Keigwin and Jones, 1989) . Sedimentation rates decrease from ~175 cm kyr -1 during the early deglaciation to ~15 cm kyr -1 in the early Holocene.
Results and Discussion

Deglacial northern versus southern sourced flow speed changes
Sediment supply to the core sites is dominated by transport associated with the DWBC which carries material along the North American margin to create the ~700 km long BOR (Heezen et al., 1966) . As discussed by Bianchi et al. (2001) the velocity structure of the DWBC across the BOR is characterized by decreasing flow speeds away from a fast flowing core. It is also probable that the DWBC changed position and migrated vertically in the water column during past climatic cycles (Bianchi et al., 2001; Evans and Hall, 2008; Evans et al., 2007; Haskell et al., 1991; Johnson et al., 1988; Ledbetter and Balsam, 1985) . Therefore, any sedimentological data from the BOR must be viewed in terms of both changing vigor at one or more given localities and position/depth of the DWBC (Evans and Hall, 2008; Evans et al., 2007) . During the LGM the DWBC is believed to have shoaled above 2,500 m at the BOR Johnson et al., 1988) (33°40′N, 57°37′W; Figure 4C ; hereafter GGC1) on the Bermuda Rise at 4,450 m water depth (Boyle and Keigwin, 1987) and at other deepwater sites (Curry et al., 1988; Duplessy et al., 1988; Keigwin, 2004) . The influence of SSW on the Bermuda
Rise during the LGM and early deglaciation has recently been supported by 143 Nd/ 144 Nd isotope ratio measurements on the Fe-Mn oxide coatings of planktonic foraminiferal shells in core OCE326-GGC6, the same location as core GGC5 ( Figure   1 ) (Roberts et al., 2010) . Together these records suggest that reduced NSW flux and/or shoaling of the DWBC revealed by the SS records allowed nutrient-enriched SSW to shoal and spread northwards in the North Atlantic Ocean. A notable feature of our SS data is the broad-scale divergent flow speeds apparent between changes in northern-sourced DWBC flow speed recorded in core 39GGC and the deeper, SSW influenced core, 28GGC (Figure 3 and 4) . The SSW contribution to the deep North Atlantic during the cold events of the last deglaciation (Boyle and Keigwin, 1987; Marchitto et al., 1998a; Marchitto et al., 1998b ) is therefore also associated with increased SSW flow vigor on the deep BOR ( Figure 4C ). This trend is consistent with low resolution grain size records from the South Atlantic that suggest orbital scale variability in SSW flow speeds with increased vigor occurring during glacial periods (Allison and Ledbetter, 1982; Ellwood and Ledbetter, 1977; Haskell et al., 1991; Ledbetter, 1979; Ledbetter and Balsam, 1985; Ledbetter and Bork, 1993) . Moreover, sedimentological evidence from the Southern Brazilian Basin (Masse et al., 1994) >4,200 m water depth suggests increased SSW vigor during cold North Atlantic intervals, similar to the increase in SSW flow speeds observed during both the H1 and YD intervals at 28GGC. Together these observations are suggestive of large-scale oscillations in both the NSW and SSW vigor, coincident with regional climate variations throughout the deglaciation, potentially supporting a 'seesaw' in the deepwater production between the North Atlantic and Southern Oceans (Broecker, 1998; Crowley, 1992) .
The early deglacial and Heinrich Event 1
The contrasting behavior in the SS records is most clearly evident in the 18.5-15 kyr BP interval. This interval incorporates H1 at ~16.8 kyr BP, characterized by large IRD deposits in the North Atlantic (Bard et al., 2000; Bond et al., 1992; Hemming, 2004) . The associated freshwater input reduced the density of the surface waters and has been associated with substantially reduced NSW production (Keigwin Figure 3D ), corresponds to the timing associated with H1, suggesting that some freshwater from the eastern outlets of the Laurentide Ice Sheet (Bond et al., 1992) reached as far south as the BOR. The low salinity event at the 39GGC has no counterpart in the Gulf of Mexico or Caribbean (Flower et al., 2004; Schmidt et al., 2004 ) supporting a freshwater pulse delivered to the North Atlantic via a more northerly outlet rather than the Mississippi River. During the initial decrease, from ~18.5-17 kyr BP, in the DWBC flow speeds recorded at 39GCGC, SST at the site increases by approximately 1ºC. As suggested for lower latitudes (Flower et al., 2004; Schmidt et al., 2004) , this early warming prior to H1, likely reflects regional heat retention at the BOR as the MOC slowed. While the reduction in flow speed at ~3,000 m suggests shallower and/or weaker NSW production, the SS record also shows small-scale variability within the H1 interval suggesting that the overall MOC was subdued at this time rather than totally absent.
During the interval 18.5-15 kyr BP the deepest core, 28GGC, was distant from the influence of the shoaled northern-sourced DWBC, but coarse SS values are suggestive of significant current activity below ~4,000 m, which coincide with the presence of nutrient enriched deepwater indicative of a Southern Ocean source ( Figure 4C ). This northward flowing SSW was likely entrained and re-circulated in the sub-tropical gyre (Hogg, 1983) before being transported as a vigorous flow back southwards over the BOR (Figure 1 ). Vigorous SSW circulation is also implied during H1 by D 14 C water column profiles in the North Atlantic (Robinson et al., 2005) , which has shown deep water in the North Atlantic during H1 to have the same offset from the atmosphere as the southern sourced end member (Goldstein et al., 2001 ). Th (Gherardi et al., 2005; McManus et al., 2004) , benthic Cd/Ca (Boyle and Keigwin, 1987) and decreasing eNd values at GG1 (Roberts et al., 2010) , suggest a 12 reinvigoration of the MOC. This increase is consistent with the rising trend recorded in the DWBC flow speed at site 39GGC (Fig. 4) . In the tropics the MOC reinvigoration is represented by a decrease in salinity as the highly saline water is exported northwards (Schmidt et al., 2004) . Corresponding high background d 18 Oswivc (salinity) values are recorded at 39GGC following the initial freshwater pulse of H1 (Fig. 3 D) . This increase in salinity was the likely effect of (i) the removal of the influence of the freshwater pulse at the BOR associated with H1 (ii) a reinvigorated Gulf Stream transport of warm and saline water northwards from the tropics over the study site and (iii) changes in the hydrological cycle which accompany the transition from a significantly reduced to an increasingly active MOC (Zhang and Delworth, 2005) . These changes support the suggestion that B/A warming resulted primarily from reinvigoration of the oceanic heat transport as MOC increased (Schmidt et al., 2004) . As highlighted by ) the timing of the MOC reinvigoration occurred shortly before meltwater pulse 1a (MWP-1a), the most extreme rapid deglacial rise in global sea level (~20 m) and reduction of continental ice volume, which recent studies have dated at ~14.6 kyr BP (Deschamps et al., 2009; Hanebuth et al., 2000) ; this is in contrast to the Barbados coral age of ~14.1-13.6 ka (Stanford et al., 2006) for which there is some uncertainty (e.g. Bard et al., 2010; Deschamps et al., 2009 ). There has been considerable debate surrounding the origin of MWP-1a with some studies ruling out a Northern Hemisphere source, advocating instead an Antarctic origin Weaver et al., 2003) . Records from the Gulf of Mexico (e.g. Aharon, 2003; Flower et al., 2004) indicate substantial freshening during MWP-1a, suggesting a Laurentide ice-sheet source, delivered via the Mississippi River, for MWP-1A; although geochemical constraints limit the Laurentide ice-sheet contribution to MWP-1A to less than ~30% (Carlson, 2009) , 13 2009). Our data therefore support the view that MWP-1a had, at least in part, a
Northern Hemisphere origin, because a small low d 18 Osw-ivc (salinity) pulse is seen at 39GGC coincident with the decreasing salinities recorded in the Gulf of Mexico (Flower et al., 2004) . The small amplitude of the signal at the BOR may be a result of the proposed hyperpycnal discharge of MWP-1A into the Gulf of Mexico (Aharon, 2003; Aharon, 2006) , such that the strong mixing with seawater would have reduced its influence on the salinity profile at the BOR (Aharon, 2003; Tarasov and Peltier, 2005) . The transient increases in d 18 Osw-ivc values (salinity) at the BOR at ~14.3 ka and ~13.6 ka were likely caused by the temporary rerouting of meltwater discharge from the Mississippi to the eastern outlets (Thornalley et al., 2010) . Minimum values in d 18 Osw-ivc (salinity) at the BOR between 15-13 ka coincide with peak meltwater discharge into the Gulf of Mexico (Flower et al., 2004) , providing strong evidence that meltwater reached the open North Atlantic and entered the subtropical gyre. It appears probable that the meltwater discharged to the North Atlantic, via the Mississippi River and eastern outlets helped 'prime' the North Atlantic ready for later pulses of freshwater that are thought to be responsible for the YD cooling (Keigwin et al., 1991) .
The Younger Dryas
Increased 231 Pa/ 230 Th (Gherardi et al., 2005; McManus et al., 2004) , Cd/Ca (Boyle and Keigwin, 1987) and decreased D 14 C (Robinson et al., 2005) have been used to infer a reduction in the MOC and increased penetration of SSW into the North Atlantic during the YD cold event. This is consistent with our paleocurrent records that show that the flow speeds associated with the rate and/or position of the DWBC decreased at ~13 kyr BP at, at the same time SST's show a slight (~0.5ºC) cooling at the BOR, indicative of reduced surface heat transport as a result of a weaker MOC.
14 The slight salinity increase at this time likely reflects a reduction in regional meltwater input and changes in the hydrological cycle (Schmidt et al., 2004) . During this interval SSW at the deeper site again shows generally contrasting flow speeds to the shallower site, indicating increased vigor. As also suggested in the GGC5
231 Pa/ 230 Th record, the flow speed changes recorded during the YD are substantially less marked than those observed during H1. Indeed it is reassuring that the relative magnitudes of each of the recorded circulation changes are so similar.
The Early Holocene
As zero age samples are not available from either 39GGC or 28GGC we are unable to fully assess how representative the general Holocene SS pattern is of the modern flow regime. During the early Holocene, at about ~9.5 kyr BP, the SS records show a maximum at the shallower site 39GGC and a minimum at the deeper site 28GGC, coincident with high ventilation rates and vigorous NADW production in the deep North Atlantic (Boyle and Keigwin, 1987; McManus et al., 2004) . This difference suggests that the fast flowing core of the DWBC was likely close to its present day position, influencing depth from 3,000 m down to 4,100 m (Stahr and Sanford, 1999) from that time.
Conclusions
This study demonstrates that an SS near-bottom flow record from ~3,000 m (Keigwin and Schlegel, 2002) and the AMS dates for KNR 140/2-28GGC are newly presented in this study (see Table 1 ). The AMS dates for EN120-GGC1 are taken from Came et 
